An approach for routine identification of swell and sea in nominally fully developed, omnidirectional, surface water wave energy spectra measured in arbitrary water depth is developed, applied, and discussed. The methodology is an extension of earlier work with deepwater spectra and involves identifying the frequency at which wave steepness is maximized and relating this to the swell separation frequency. The TMA parameterized spectrum is employed to establish a relationship between the two frequencies so that the methodology can be used when wind data are unavailable. The methodology is developed for finite water depth and tested using a dataset that includes both acoustic Doppler current profiler and wave buoy data, recorded simultaneously at the same location. For cases where the sea and swell are clearly, visually distinguishable in the omnidirectional spectra, the new method accurately distinguishes between the two, but it can also be used to identify sea and swell in unimodal spectra.
INTRODUCTION
As wind blows across a flat water surface, high-frequency, surface gravity waves develop and grow. Energy is transferred to lower frequencies as the waves age, to form an energy spectrum with waves of many heights, periods, and directions. The size and shape of the spectrum is a function of the time history of the wind magnitude and direction, the fetch, and the water depth, in general (e.g. Massel, 1996) .
Waves that are still within the generating area are referred to as sea, and those that have left their generating area are classified as swell. Wave celerity, or phase speed, is frequency dependent, at least until shallow water is reached, with the result that as energy transfers to lower frequencies, waves with higher speeds are formed. This means that there are three mechanisms by which sea waves can become swell: 1) energy transfers to lower frequencies can result in waves whose speeds exceed that of the wind, 2) wind magnitude can drop below wave phase speed, or 3) wind direction can change. Of course these processes could and often do occur simultaneously.
Obviously waves will still exhibit some dependence on wind conditions even when their phase speed exceeds the wind speed, since drag force is dependent on apparent velocity. But the ratio of wind speed to phase speed is often taken as a critical parameter for distinguishing sea from swell within a spectrum:
( 1) where U is wind speed, typically evaluated at the 10 m elevation above sea level, although arguments have been made for other measures of the wind, such as the friction velocity or wind measured at a height equal to one half of the wavelength of the most energetic waves (Donelan and Pierson 1987 ,
Young 1997). The celerity or wave phase speed is denoted by C, and b is a dimensionless, empirical parameter that is referred to as inverse wave age (Hansen and Phillips 2001, Violante-Carvalho et al. 2004) . Note that it is assumed here that the mean water flow speed in the direction of wave propagation is much smaller than the wave phase speed. If this assumption is violated, wave phase speed becomes dependent on not only wave period and water depth, but also the mean flow vector. The approach developed here could be extended to address this case, but it is more complicated because phase speed becomes wave direction-dependent, and thus two waves with the same period could be separately classified as sea and swell, respectively, due to differences in propagation direction. The directional spectra would have to be considered, whereas the focus here is on interpretation of omnidirectional (i.e. integrated over all directions) spectra. Since both the wind and waves have directions associated with them, the down-wave component of wind should be considered here, and the wind at the 10 m elevation has been adopted as the standard, largely for reasons of practicality. The fact that the wind speed at the water surface will be somewhat less than the 10 m value suggests that the critical value of b would be greater than one, if U 10 is used in Equation 1. But a range of values have been suggested for the critical value. For example, Hansen and Phillips (2001) chose a value of 1.5, when using the down-wave component of wind, and Donelan et al. (1985) suggest that a value of 0.83 represents fully developed waves, for example.
Sea and swell have been distinguished in wave energy spectra by a number of approaches. Swell may appear in a measured spectrum as a distinct peak, separate from the sea portion of the spectrum, or these peaks may overlap to some degree. Depending on the time history of the wind, the swell may or may not be in the same direction as the sea waves. Some approaches to identifying swell involve seeking maxima in the omnidirectional energy spectrum that are sufficiently far apart in terms of frequency, with a sufficiently small energy minimum in between (Guedes Soares 1984 , Guedes Soares and Nolasco 1992 , Rodríguez and Guedes Soares 1999 . This approach involves some subjective choices that are not necessarily guided by physical principles, and suggests that only spectra with multiple peaks can be classified as having swell. In reality, both the sea and the swell have their own spectral shapes, and these spectra can overlap in the frequency domain (Ochi and Hubble 1976) . Other methods have involved fitting two parameterized, omnidirectional spectra to measured spectra (Violante-Carvalho et al. 2004 , Boukhanovsky et al. 2007 .
The presence of swell is often more obvious in directional wave energy spectra, which describes wave energy distribution by both frequency and direction. Numerical methods have been developed to search the three-dimensional surface defined by the directional energy spectrum to identify maxima and minima, and to use the information to track sources of wave components, assuming deep water conditions where refraction and shoaling due to interactions with both the seafloor and mean flows are insignificant (Hansen and Phillips 2001, Aarnes and Krogstad 2001) .
Wave forces, wave-induced flows, and other wave-induced transport such as that of bottom sediment will all depend on characteristics of the surface wave energy spectrum. Thus there have been many previous studies to relate bulk wave characteristics to the energy spectrum. Early efforts to develop predictive or parameterized equations for omnidirectional wave energy spectra focused on the spectral shape, peak frequency, and total energy. Pierson and Moskowitz (1964) considered fully developed conditions in deep water, so that a steady state spectrum results that is specified only in terms of wind speed. Hasselmann et al. (1973) allowed for fetch-or duration-limited conditions, resulting in the JONSWAP spectrum. Bouws et al. (1985) modified this result to obtain the TMA spectrum for use in finite-depth settings. None of these parameterized spectra specifically include swell, although some of them have been proposed as models for energy spectra for swell, with superimposed higher frequency waves (e.g. Ochi and Hubble 1976 , Guedes Soares 1984 , Violante-Carvalho 2004 .
Other investigations have focused on scenarios where waves are depth-limited (Bretschneider 1958 , Young and Babanin 2006 , 2009 . Most wave energy spectra measured in coastal waters, however, correspond to fetch-or duration-limited conditions in finite water depths, i.e. not deep water wave conditions, and likewise not depth-limited. Young and Verhagen (1996a,b,c) considered spectral evolution as waves approached depth-limited conditions in a lake, but did not encounter or address swell.
Here an approach is proposed for identification of swell in omnidirectional wave spectra measured in finite water depths, without the need for coincident wind observations. The approach is based on identification of the frequency for which wave steepness is maximized, similar to the approach developed by Wang and Hwang (2001) , but the methodology is modified for use in finite water depths and tested by application to two data sets acquired simultaneously at the same location using an acoustic Doppler current meter and a surface-following wave buoy.
MEASUREMENT THEORY
The measurement theory will be reviewed here briefly since there are implications for identification of swell in the resulting spectra. A single time series defining a wave-related quantity, such as waveinduced pressure, or water level, is sufficient to determine the one-dimensional energy spectrum, E(f), of the sea surface, where f is frequency and E(f) is energy density in units of L 2 T. Typically the signal is sampled at a constant sampling rate, f samp , ideally to yield at least 10 or so samples per wave period, to reduce problems associated with aliasing. The signal (water level is used in this example) is assumed to be a superposition of sinusoids:
(1) The total energy, variance of the sea surface, and wave amplitudes can be related as follows (Tucker and Pitt 2001) : (2) where h(t) denotes water level excursion from the mean level, a n is amplitude of the nth constituent wave, and s n and f n denote angular frequency and phase angle, respectively. The phases are assumed random.
The typical measurement and analysis procedure is to 1) acquire N samples of a wave-induced quantity such as water level at a sampling rate f samp , 2) multiply a subset of the sample by a windowing function to reduce spectral leakage resulting from finite record length, 3) use a fast Fourier transform algorithm to compute Fourier coefficients A n and B n for the time series, 4) slide the analysis window forward in time over a new portion of the samples and repeat. For each analysis window, a continuous energy spectrum E(f) can be computed from the discrete spectrum defined in (2): (3) where ∆f = f samp /M, M≤N is the number of samples used for each estimate of the spectrum, and . The individual spectral estimates are averaged together to improve confidence intervals, at the expense of reduced frequency resolution. The result given by Equation 3 will be referred to as the omnidirectional spectrum since it includes waves from all directions.
If a quantity other than water level is used as the input signal, a response function is used to relate the spectrum of the measured signal to the surface wave energy spectrum. For example, if subsurface pressure is measured, the two spectra are related as follows: wave-induced pressure head, h is mean water depth, and h+z is altitude above the seafloor. The wavenumber k is typically evaluated using the linear wave theory dispersion relation: (5) where g is the acceleration of gravity, is the mean flow vector, and is the wavenumber vector. As alluded to above, the second term on the left-hand side of (5) will be neglected here. Note also that deep water corresponds to the case where tanh kh approaches unity. Since wavenumber depends on both water depth and wave frequency, kh serves as a more appropriate, nondimensional measure of water depth than the dimensional depth h.
As waves shoal, they become nonlinear, and energy is transferred to harmonics that are phase-locked to the carrier wave. The analysis approach described above would resolve these harmonics, but the resulting omnidirectional spectrum would not indicate whether the energy that appears at the harmonic frequencies is associated with a lower frequency carrier wave or is traveling separately. Thus some of the energy that appears at higher frequencies could be associated with low frequency swell, with this trend becoming more significant as relative depth kh decreases. Attempting to distinguish between free waves and bound harmonics is an issue that goes beyond the scope of this paper, however -the waves will be assumed to be traveling independently. Pierson and Moskowitz (1964) proposed the following form for the deep water, fully developed (i.e. steady state), omnidirectional, wave energy spectrum:
PARAMETERIZED OMNIDIRECTIONAL SPECTRA
where f p is the frequency at which the energy peak is found, and a is an empirical coefficient. Many have questioned the f -5 frequency dependence, with some suggesting f p -1 f -4 instead (e.g. Donelan et al. 1985) . The peak frequency can be nondimensionalized and related to the wind speed as follows: (7) Hasselmann et al. (1973) modified the Pierson-Moskowitz (P-M) spectrum to describe building seas in deep water, resulting in what is referred to as the JONSWAP spectrum: (8) where g is the peak enhancement factor and modifies the spectral shape. Note that the PiersonMoskowitz and JONSWAP spectra are coincident for γ = 1. Lewis and Allos (1990) later suggested that both this parameter and the leading coefficient in the Pierson-Moskowitz spectrum are controlled by the dimensionless fetch, (9) where x is the dimensional fetch, and 
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The exponent on the peak enhancement factor is given as follows: (11) and s is given as (12) Both the Pierson-Moskowitz and JONSWAP spectra were developed assuming deepwater conditions. Bouws et al. (1985) modified the latter to form what is known as the TMA spectrum: (13) where (14) Here k is the wavenumber determined using the dispersion relation given by Equation (5), and the two derivatives can likewise be evaluated from Equation (5). The multiplier f k is designed so that the TMA spectrum matches the JONSWAP spectrum in deep water, and as depth decreases, energy decreases across the entire spectrum. This decrease is frequency dependent; it is assumed that losses are greater at low frequencies, as would be expected due to bottom friction and breaking effects. An example of the three parameterized spectra (P-M, JONSWAP, and TMA) for an intermediate water depth is shown in Figure 1 . where the term in brackets may be recognized as proportional to the inverse wave age, b, in deep water, and f p is calculated using Equation 7. Here we consider wave ages between 0.83 and 1, more closely representative of fully developed conditions, for which the corresponding value of γ is one, and the JONSWAP spectrum reverts to the P-M spectrum. The shape and magnitude of the TMA spectrum will differ slightly from both, however, because of finite-depth effects.
STEEPNESS METHOD FOR IDENTIFICATION OF SWELL IN FINITE WATER DEPTH
Wave steepness is defined as wave height divided by wavelength, H/L. For any given frequency band it is possible to evaluate steepness. Wang and Hwang (2001) proposed a method for relating the maximum steepness within a given Pierson-Moskowitz or JONSWAP spectrum to the frequency f s that separates sea and swell. A similar approach is adopted here, but accounting for finite depth via use of the TMA spectrum and the full dispersion relation from linear wave theory.
The nth moment of the spectrum can be evaluated between two frequencies f * and f max , as follows:
For any frequency f * , a wave height and period can then be evaluated as (17) and (18) The corresponding wavelength can be evaluated for any water depth h as (19) where is the deepwater wavelength. Note that (19) is simply an alternative form of the linear wave theory dispersion relation (5). A steepness function can then be defined as (20) The frequency for which the steepness function is maximized is defined here as f m and will be referred to as the maximum steepness frequency. If evaluated using parameterized TMA spectra, it varies with wind speed, peak enhancement factor, γ, and water depth, approaching zero as the wind speed and duration become unbounded.
Typically the dimensionless fetch appearing in Equation 9 would not be known; Lewis and Allos (1990) relate it to the peak enhancement factor, g, which then allows computation of the peak frequency for a given wind speed and peak enhancement factor. For peak enhancement factors ranging from 2-5, the resulting values of dimensionless peak frequency, v, are 0.3-0.8. The dataset considered here If wind events with speeds below 5 m/s are removed from consideration, the mean value of the dimensionless peak frequency is 0.14, very close to the value of 0.13 appearing in Equation 7. For this reason, Equation 7 was chosen to estimate peak frequency from wind speed. And as discussed above, the events considered here correspond to inverse wave ages of 0.83-1.0, for which the peak enhancement factor is close to unity. For a range of water depths (deep to shallow) and wind speeds (5-30 m/s), the TMA spectrum was computed, with peak enhancement factor set to unity, and the maximum steepness frequency found via numerical analysis using Equations 16-20. The peak frequency of the spectrum is inversely proportional to the wind speed, per Equation 7. The peak frequency and the maximum steepness frequency are positively correlated -as the wind speed goes up, both peak frequency and maximum steepness frequency decrease monotonically. The maximum steepness frequency is only weakly dependent on water depth, because changing the water depth does not drastically change the shape of the energy spectrum, per the TMA parameterized spectrum. For a peak enhancement factor γ of one, the maximum steepness frequency and wind speed follow a relationship of the form: (21) where b < 0, consistent with the result found by Wang and Hwang (2001) using the Pierson-Moskowitz spectrum.
To this point, the methodology employed is substantially the same as that developed by Wang and Hwang (2001) , with the exception that the TMA spectrum was used when evaluating maximum wave steepness. But wave phase speed, and thus wave age, is strongly dependent on water depth, once the waves enter transitional water, which influences the results for the computed maximum steepness frequency, as described above, and the frequency separating sea and swell.
It is assumed that the ratio of the wind speed to celerity (inverse wave age) defines the boundary between sea and swell, i.e. U 10 /C = b, consistent with Equation 1. The celerity C may be written as the ratio of angular frequency to wavenumber, or . Thus given a wind speed, the separation frequency f s can be computed from Equation 1 as follows:
where k s = k s ( f s ) is the wavenumber corresponding to the separation frequency. Equation 22 was solved iteratively in combination with the wave dispersion relation (5) for separation frequency as a function of wind speed. For a given wind speed, the deepwater wavenumber and frequency for the wave with an equivalent celerity was computed analytically. This was used as the initial guess in a NewtonRaphson root-finding scheme to solve Equation 22 for separation frequency, accounting for water depth. Figure 2 indicates the dependence of the separation frequency on both wind speed and water depth. As water depth approaches zero, separation frequency likewise approaches zero, because wave speed drops, and waves are no longer able to run before the wind. Both the maximum steepness and swell separation frequencies were evaluated for each of the water depths and wind speeds considered above. The computed separation frequency, f s , can then be empirically related to the maximum steepness frequency, f m . Inserting Equation 21 for wind speed into Equation 22 results in the following relationship between separation frequency and maximum steepness frequency: where the coefficients providing the best fit to the simulated spectra were determined to be A = 0.149 and B = -1.555, if a value of 0.83 is chosen for the parameter b. But since Equation 23 contains three empirical parameters, and there is some argument regarding the appropriate value for b, the datasets described in Work (2008) were used to calibrate the equation to field measurements of omnidirectional wave energy spectra and wind speed from a site with transitional water depth (13.6 m mean). The resulting best-fit coefficients were found to be A = 0.219 and B = -0.916. These coefficients will vary somewhat with water depth, which influences the shape of the measured spectra; additional measurements would be required to define the sensitivity.
At first glance, Equation 23, after being fit to the data, appears to suggest that maximum steepness frequency and separation frequency are inversely related, but they are positively and strongly correlated until shallow water is reached. Figure 3 shows the relationship between these two parameters, for three different water depths.
The deep water asymptote of Equation 23 may be stated, after inserting the best-fit parameters, as:
Both coefficients appearing in Equation 24 are less than the values obtained by Wang and Hwang (2001) , although the trend is the same as the previous result. Differences reflect the influences of water depth, and the use of a different spectrum in developing the new equations, and probably also the fact that the wind data used here were acquired at a site at the same water depth but 65 km downcoast of the wave measurement site.
As the waves propagate into shallower water, those at the low-frequency end of the spectrum enter transitional water first, slowing slightly. A reduced celerity results in an increased value of the parameter U/C, which reduces the value of separation frequency f s -the lower frequency waves that were previously outrunning the wind slow below the wind speed. The effects of this process are evident in both Figures 2 and 3. Eventually all of the waves in the spectrum enter shallow water, and their speeds all reach the shallow water wave speed, . This speed approaches zero as the depth goes to zero, so that at some point the speed of every wave in the spectrum drops below the wind speed. At this point the separation frequency f s goes to zero, meaning that swell no longer exists, technically (Figure 2) . The corresponding shallow water asymptote of Equation 23 says that f s and f m become independent in shallow water: (25) This trend is also evident in Figure 3 . As the depth decreases, the lower frequency waves will transfer some energy to higher frequency harmonics, and lose energy via bottom friction and breaking earlier and more significantly than the higher frequency waves, causing the maximum steepness frequency to rise. These processes were not accounted for in deriving Equation 23, but are consistent with observations.
APPLICATION TO MEASURED SPECTRA
Data from two, simultaneously deployed, co-located sensors were used to evaluate the suitability of the method described above for identification of sea and swell in measured, omnidirectional wave energy spectra. The data set featured hourly measurements of directional wave energy spectra over a period of roughly 2.5 months, collected at a site where the mean water depth is 13.6 m and the tide range is 1.7 m. A Triaxys surface-following wave buoy and an RD Instruments bottom-mounted, acoustic Doppler current profiler (ADCP) were used to obtain the spectral estimates. The former reported directional spectra only, whereas the latter recorded both directional wave energy spectra and vertical profiles of the mean velocity. The mean value of the depth-averaged current speed was 0.2 m/s, whereas the .
. β C gh = typical wave celerity was two orders of magnitude larger (10 m/s), justifying the assumption of negligible mean flow when computing wave properties. Details of the instrumentation and comparisons of bulk wave parameters may be found in Work (2008) .
The wave buoy spectra were multiplied by a high-pass filter with cutoff frequency of 0.05 Hz to eliminate most of what is thought to be low-frequency noise in the instrumentation. The resolution of the spectra is 0.005 Hz, up to a maximum frequency of 0.64 Hz. The ADCP spectra feature a resolution of 0.0078 Hz up to an upper bound of 0.35 Hz. In each case, directional spectra with 3-4 degree resolution are also available, which aids in the identification of swell.
After inspection of many of the 1600 available omnidirectional spectra, several were selected to illustrate application of Equation 23 for identification of swell in measured omnidirectional spectra, using the best-fit coefficients described above. Obviously many of the available records do not correspond to fully developed conditions. For each case, the wind variability was evaluated over the three hours preceding the moment of interest, and if the wind direction differed from the peak wave direction, or varied, by more than 30 degrees during this period, the record was eliminated from consideration. The parameter was also evaluated for each case, where C p represents the celerity of the waves at the peak frequency, and ∆q represents the difference between the wind direction and the mean wave direction. Only those cases where this parameter fell between 0.83 and 1.0 were considered. After these filters were applied, 82 wave buoy cases remained. Five cases are chosen from this group for discussion; details of the five selected cases are presented in Table 1 , and each case is discussed below. Figure 4 shows a case without any obvious secondary maximum in the omnidirectional energy spectrum. The top panel shows the omnidirectional spectrum, E(f), the steepness function, a( f ), the computed maximum steepness frequency, f m , and the separation frequency, f s , computed using Equation 23. The lower panel shows the peak direction reported by the wave buoy as a function of frequency (evaluated using the Maximum Entropy Method). Low-frequency energy is absent, and the maximum steepness frequency and the separation frequency match closely. Essentially all of the energy is contained in the sea band. Figure 5 shows a clear, low-frequency, secondary maximum that is identified as swell by Equation 23. This secondary energy is propagating in the same direction as the sea and wind and is thus referred to as collinear swell. Methods that rely on identifying maxima in either the omnidirectional or directional spectra would be able to see the swell energy in this case, but would also identify several other maxima. The approach described here provides an objective means for separating the sea and swell, whether the distinction is visually obvious or not. A case with non-collinear swell is shown in Figure 6 . A clear directional shift is evident in the lower panel, and the computed separation frequency closely matches the frequency at which this shift appears, despite the relatively low energy level at the transition. Figure 7 features a case where the sea and swell energy are not easily distinguished, visually. The computed separation frequency exceeds the peak frequency, corresponding to a case where the wind Volume 1 · Number 2 · 2010 speed has dropped below its former value and waves at the peak frequency are now outrunning the wind. These waves would not be identified as swell by a method that relies on recognition of secondary maxima in omnidirectional or directional wave energy spectra.
A case with a slowly "clocking" wind is shown in Figure 8 . In this case the wind was from the northeast and gradually turned to the south-southeast and then stayed close to this direction for the three hours preceding the instant considered here. As a result, non-collinear sea and swell are evident, and the computed separation frequency falls between them.
The results discussed above indicate that the methodology presented here is suitable for identification of sea and swell in omnidirectional wave energy spectra measured in transitional water depths, without the need for wind data. It is worth noting that the analysis described above was also repeated, using the same methodology, for the acoustic Doppler current profiler dataset obtained at the same location as the wave buoy deployment site, over the same period, with very similar results. It is of interest, however to compare the results described above to those obtained if wind data are used directly.
If wind data are available, it is possible to use Equation 22 to compute the separation frequency. For the case considered here, nearby wind data are available, so results from the two approaches were compared. Assuming that using the wind data yields results that are correct, the use of Equation 23 was found to introduce a 12% error, on average (mean magnitude of difference). The equation proposed by Wang and Hwang (2001) , which does not account for water depth, yields similar results, with a mean error of 13%, but the difference between the two methods will increase as water depth decreases. The site considered here featured a mean water depth of 13.6 m, meaning that only waves with frequencies below 0.24 Hz violate the deep water assumption. The new method, however predicts slightly lower separation frequencies than the Wang and Hwang (2001) method, which is consistent with the slowing of the lowerfrequency waves as they move into transitional water, which will eventually move them from the swell to the sea band. Wind from NE generated the low frequency energy maximum near f = 0.08 Hz, and then wind rotated clockwise to the southeast.
CONCLUSIONS
The term "swell" is sometimes defined in different ways by different users or observers. Here it is taken to mean waves that are not within their generating area, and it is assumed that if their speed exceeds that of the component of wind in their propagation direction, they are within the swell band. Since waves at a point in the ocean will have a multitude of heights, directions, and periods, it is expected that at any given instant and location, both sea and swell may be present, and for some applications (modeling of wave transformation, estimation of wave-induced forces, currents, or sediment transport), it may be necessary to identify sea and swell in transitional water depths. A number of different approaches have been proposed for identifying sea and swell; some more physics-based than others, but all focused on deep water applications. Many of the world's wave observations are made in water depths where at least some of the waves are in transitional depths, however, so in this paper a relatively simple method previously developed for deep water was adopted for finite depth application. It involves finding the frequency at which wave steepness is maximized, and relating this to the frequency separating sea and swell within an omnidirectional surface water wave energy spectrum. It does not rely on visual or graphical identification of maxima within the spectrum, and does not require that wind data be available. It was developed using the TMA parameterized spectrum, which is based on the well-known JONSWAP spectrum but accounts for finite water depth, and use of the linear wave theory dispersion relation to relate wave frequency, wavelength, and water depth. The new methodology was applied to observations of omnidirectional wave energy spectra obtained with a surface-following wave buoy and found to provide, for most cases, clear definition of sea and swell in the measured spectra, whether or not simultaneous wind data are available.
The methodology was designed to be applicable in arbitrary water depths, and reverts to the deep water solution and the JONSWAP spectrum result as depth approaches infinity. The shallow water limit is also logical in that the separation frequency approaches zero as water depth vanishes, since wave speed approaches zero in this case, and no waves can outrun the wind. Given appropriate calibration for water depth dependence, the resulting methodology can thus be used to identify swell and sea in omnidirectional wave energy spectra obtained in arbitrary water depths.
ACKNOWLEDGMENTS
The data collection portion of the project was funded by the U.S. Office of Naval Research, as part of the SEACOOS (Southeast Coastal Ocean Observing System) program.
NOTATION
The following symbols are used in this paper: a(f) = wave steepness function; a, b, a, b, A, B = empirical parameters; g = JONSWAP peak enhancement factor; d = exponent on JONSWAP peak enhancement factor; s = parameter in JONSWAP spectrum; s n = wave angular frequency; ξ = dimensionless fetch; v = dimensionless wind speed; h = water surface elevation; f n = wave phase angle; f k = TMA depth transition function; q = wave direction; a n = wave amplitude; A n , B n = Fourier coefficients; C = wave celerity (phase speed); E n = discrete, non-directional energy spectrum; 
